Infertility and subfertility represent major problems in domestic animals and humans, and the majority of embryonic loss occurs during the first month of gestation that involves pregnancy recognition and conceptus implantation. The critical genes and physiological pathways in the endometrium that mediate pregnancy establishment and success are not well understood. In study one, predominantly Angus heifers were classified based on fertility using serial embryo transfer to select animals with intrinsic differences in pregnancy loss. In each of the four rounds, a single in vitro-produced, high-quality embryo was transferred into heifers on Day 7 postestrus and pregnancy was determined on Days 28 and 42 by ultrasound and then terminated. Heifers were classified based on pregnancy success as high fertile (HF), subfertile (SF), or infertile (IF). In study two, fertility-classified heifers were resynchronized and bred with semen from a single high-fertility bull. Blood samples were collected every other day from Days 0 to 36 postmating. Pregnancy rate was determined on Day 28 by ultrasound and was higher in HF (70.4%) than in heifers with low fertility (36.8%; SF and IF). Progesterone concentrations in serum during the first 20 days postestrus were not different in nonpregnant heifers and also not different in pregnant heifers among fertility groups. In study three, a single in vivo-produced embryo was transferred into fertility-classified heifers on Day 7 postestrus. The uteri were flushed on Day 14 to recover embryos, and endometrial biopsies were obtained from the ipsilateral uterine horn. Embryo recovery rate and conceptus length and area were not different among the heifer groups. RNA was sequenced from the Day 14 endometrial biopsies of pregnant HF, SF, and IF heifers (n ¼ 5 per group) and analyzed by edgeR-robust analysis. There were 26 differentially expressed genes (DEGs) in the HF compared to SF endometrium, 12 DEGs for SF compared to IF endometrium, and three DEGs between the HF and IF endometrium. Several of the DEG-encoded proteins are involved in immune responses and are expressed in B cells. Results indicate that preimplantation conceptus survival and growth to Day 14 is not compromised in SF and IF heifers. Thus, the observed difference in capacity for pregnancy success in these fertility-classified heifers is manifest between Days 14 and 28 when pregnancy recognition signaling and conceptus elongation and implantation must occur for the establishment of pregnancy.
INTRODUCTION
Infertility and subfertility are important and pervasive problems in agricultural animals and humans. In ruminants, embryo mortality is a major factor affecting fertility and thus production and economic efficiency [1] [2] [3] [4] . There is a high degree of pregnancy loss in cattle between fertilization and term, ranging from 40% to 56% [4, 5] . The majority of embryonic loss (70%-80%) occurs in the first 3 wk of pregnancy in cattle [4] [5] [6] [7] [8] . Embryo mortality is greater in nonlactating cows than heifers [6] , and early pregnancy loss is even greater in lactating dairy cattle and can approach 40% [1, 9, 10] . Infertility and subfertility also impact the embryo transfer (ET) industry [11] . Mean survival rate to calving following transfer of in vivo derived embryos from superovulated donors ranges from 31% to 60% [12] , whereas in vitro produced (IVP) embryo survival rate is lower and ranges from 30% to 40% [3, 12] . Failure of the embryo to survive and establish pregnancy is due to both embryonic and maternal factors [13] . Many of the pregnancy losses observed in natural or assisted pregnancies can be attributed to inadequate uterine receptivity, which can be defined as the physiological state of the uterus when conceptus growth and implantation for the establishment of pregnancy is possible [14] . Understanding how embryo development is controlled is critical for determining ways to reduce the high rates of early embryonic mortality.
After fertilization (Day 0), the zona pellucida-enclosed bovine embryo enters the uterus at the morula stage on Days 4-5 of gestation and develops into a blastocyst. The spherical blastocyst hatches from the zona pellucida on Days 7-10 and continues to grow, changing from spherical to ovoid in shape between Days 12 and 14 during a transitory phase preceding elongation, after which it is termed a conceptus (embryo and associated extra-embryonic membranes) [15] . The conceptus grows from about 2 mm in length on Day 13 of gestation to 6 mm on Day 14, and reaches 60 mm by Day 16 to 20 cm or more by Day 19 [16] . After Days 16-17, the time of maternal recognition of pregnancy in cattle, the elongating conceptus begins the processes of implantation and placentation [17] . In both cattle and sheep, blastocyst growth into a conceptus and subsequent elongation has not been achieved in vitro and requires transfer into the uterus [18] . Progesterone action via the endometrium of the uterus is critical for conceptus growth and elongation in sheep and cattle [19] [20] [21] . Dynamic changes in endometrial gene expression occur between Days 7 and 13 that are regulated by progesterone in nonpregnant and pregnant cattle and are associated with the onset of conceptus elongation [20] [21] [22] [23] . A prevailing theory is that the gene expression changes modify the intrauterine milieu for support of the survival and growth of the blastocyst into an ovoid conceptus and then elongated filamentous conceptus. Uterine secretions in the lumen are not well defined in cattle, but are a complex mixture of proteins, amino acids, sugars, lipids, and ions derived from genes expressed in the endometrium as well as selective transport of components (amino acids, glucose, and albumin and other proteins) from maternal blood. Endometrial epithelial secretions are particularly important for conceptus survival and growth in ruminants because uterine gland knockout ewes display recurrent early pregnancy loss due to defects in conceptus survival and elongation [24, 25] . Conceptus elongation is particularly critical for production of interferon tau (IFNT) [26, 27] , the pregnancy recognition signal, that acts on the endometrium to sustain continued production of progesterone by the ovary and regulates genes implicated in implantation and placentation [14, 17, 28, 29] . Inadequate elongation of the conceptus results in low IFNT production, inability to maintain the corpus luteum (CL), and early pregnancy loss [30] . Although much information is known about embryo development into a blastocyst from in vitro systems [31] , posthatching blastocyst survival and growth as well as conceptus elongation remain underinvestigated. Available evidence supports an unequivocal role for progesterone-dependent endometrial secretions of the uterus as primary regulators of conceptus survival, growth, and development throughout pregnancy [20, 32] . However, the essential endometrial genes and secretions that mediate survival and growth of the blastocyst and conceptus remain largely unknown in cattle [33, 34] .
One of the major impediments to research on the physiology and genetics of early pregnancy success in cattle is the lack of animals with defined high and low rates of early pregnancy loss. McMillan and Donnison [35] summarized a unique approach for experimentally identifying high and low fertility in dairy heifers based on early pregnancy success. Contemporary yearling heifers (n ¼ 155) received two IVP embryos on six separate occasions during a 26-mo period. Sixty days after transfer, pregnancy and the number of fetuses were determined ultrasonically and then pregnancies were terminated with the process being repeated six times. That approach identified 25 heifers with high (76%) and low (11%) aggregate pregnancy rates. Of note, a failure in the mechanism involved in conceptus elongation and maternal recognition of pregnancy was suggested to be the cause of early pregnancy loss in the lowfertility heifers [35, 36] . A similar approach was used here to fertility classify beef heifers based on natural variation in early pregnancy success. A series of studies were then conducted on fertility-classified heifers to begin determining the physiological and genetic factors underpinning early pregnancy loss in beef cattle. 
MATERIALS AND METHODS

Animals
In Vitro Production of Embryos (Study One)
Embryos were produced in vitro at the University of Florida to obtain blastocysts for transfer into recipients. Oocytes obtained from genetically undefined ovaries (n ¼ 1699-2800 per replicate) were fertilized with frozenthawed spermatozoa pooled from three bulls of various breeds. The total number of bulls used in the eight replicates was 20 and represented Angus (n ¼ 7), Limousin (n ¼ 3), Brangus (n ¼ 3), Simmental (n ¼ 2), unknown (n ¼ 2), Hereford (n ¼ 2), and Polled Hereford (n ¼ 1) sires.
The procedures for in vitro production were as follows. Cumulus oocyte complexes were obtained by cutting the surface of each ovary with a scalpel and vigorously rinsing the ovary through a bath of oocyte collection medium: tissue culture medium-199 with Hank salts (Hyclone Laboratories Inc.), 2% (v/ v) of either bovine steer serum (Pel-Freez) or adult bovine serum (Thermo Scientific HyClone), 2 U/ml heparin, 100 U/ml penicillin-G, 0.1 mg/ml streptomycin, and 1 mM glutamine. Groups of 10 cumulus oocyte complexes were matured in 50 ll droplets of oocyte maturation medium (tissue culture medium-199 with Earle salts [Invitrogen] , 10% [v/v] bovine steer serum or adult bovine serum, 2 lg/ml estradiol 17b, 20 lg/ml bovine follicle stimulating hormone [Bioniche Life Sciences], 22 lg/ml sodium pyruvate, 50 lg/ml gentamicin sulfate, and 1 mM glutamine) covered with mineral oil for 20 h at 38.58C and in a humidified atmosphere of 5% (v/v) CO 2 . Sperm were purified by centrifugation over a Percoll (GE Healthcare) gradient consisting of 500 ll of a solution of 45% (v/v) Percoll, diluted 1:1 in HEPES-synthetic oviduct fluid fertilization medium (SOF) on top of 500 ll of a solution of 90% (v/v) Percoll [37] . Up to 250 matured oocytes were fertilized in a 35-mm dish with Percollpurified sperm (1.0 3 10 6 /ml) for 8-10 h at 38.58C in 1.7 ml of SOF [38] . Cumulus cells were denuded after fertilization by vortexing in 600 ll HEPES-TALP containing 10 000 U/ml hyaluronidase. Putative zygotes were then cultured in 50 ll microdrops of SOF-bovine embryo 2 (SOF-BE2) covered with mineral oil at 38.58C in a humidified atmosphere of 5% (v/v) O 2 , 5% (v/v) CO 2 , and 90% (v/v) N 2 . The cleavage rate was assessed at Day 3 postfertilization.
At Day 4 or 5 postfertilization, embryos were prepared for transport to Montana by placement of advanced embryos in groups of ;50 per tube in polypropylene-stoppered 10 3 63 mm polystyrene tubes containing 1 ml SOF-BE2 supplemented with 1 mM HEPES, pH 7.5, and 50 lM dithiothreitol. Tubes had been equilibrated overnight in a humidified incubator at 38.58C and 5% O 2 , 5% CO 2 , and 90% N 2 . After addition of embryos to the modified SOF-BE2, ;1.5 ml mineral oil was layered over the medium and tubes were placed in a Biotherm portable incubator (Cryologic) at 38.58C. Embryos were hand carried to Montana by an airliner on Day 5 or 6. Embryos were transferred to fresh 50 ll drops of SOF-BE2 and cultured at 38.58C in a humidified atmosphere of 5% (v/v) O 2 , 5% (v/v) CO 2 , and 90% (v/v) N 2 until Day 7 (embryos shipped on Day 4) or were allowed to develop in the shipping tubes until Day 7 (embryos shipped on Day 5).
Embryo Transfer and Pregnancy Determination by Ultrasonography (Study One)
Crossbred beef heifers (n ¼ 275 Angus 3 Polled Hereford) were identified from a single population of cows at the USDA-ARS, Fort Keogh Livestock and Range Research Station and reared on a typical replacement heifer feedlot ration. Six heifers were culled at weaning based on extremely small body size. As illustrated in Figure 1 , the remaining heifers were subjected to serial estrous synchronization and ET to classify heifers into fertility categories based on pregnancy outcome. The estrous cycles of heifers were synchronized beginning at approximately 14 mo of age when heifers weighed 368 6 2.8 kg and had a body condition score of 5.9 6 0.1 (scale of 1 to 9: 1 ¼ emaciated and 9 ¼ obese) to prepare heifers for ET on Day 7 after estrus (Day 0). Estrus was synchronized using the PG-6d-CIDR (prostaglandin F2 alpha-6 days-controlled intravaginal drug releasing device) protocol that includes prostaglandin F2 alpha (PGF) administration (Lutalyse; Zoetis Animal Health) on Day À12, an injection of GnRH (100 lg intramuscularly, Factrel; Zoetis Animal Health) concurrent with a intravaginal progesterone insert (i.e., CIDR) on Day À9, CIDR removal and PGF on Day À3, and estrus on Day 0. Estrus detection patches (Estrotect; Rockway, Inc.) were affixed to the tail head of each heifer to GEARY ET AL. aid in visual detection of estrus. Heifers were observed for signs of estrus three times a day beginning 24 h after CIDR removal. Heifers that did not exhibit standing estrus received GnRH (100 lg intramuscularly, Factrel; Zoetis Animal Health) on Day 0. During each ET round, heifers were randomly assigned to one of two groups on consecutive days to facilitate animal handling. All heifers received an IVP embryo of high quality (blastocyst or expanded blastocyst) produced at the University of Florida on Day 7 after estrus or induced ovulation by one of two experienced technicians. Ultrasonography was used to identify the side and presence of the CL before ET by a single technician using an Aloka SSD 3500V and 7.5 MHz convex transducer (Aloka). The embryo was placed in the uterine horn ipsilateral to the ovary containing a CL using standard nonsurgical techniques. Heifers without a CL on Day 7 did not receive an embryo.
Heifers were diagnosed for pregnancy on Days 28 and 44 using transrectal ultrasonography with an Aloka SSD 500V and 7.5 MHz (Day 28) or 5.0 MHz (Day 42) linear transducer. Viability was confirmed at each ultrasound by the presence of a fetal heartbeat. At the second pregnancy diagnosis on Day 44, heifers received a single injection of PGF and were allowed a minimum of 30 days to exhibit another estrous cycle before being synchronized for another round of ET. After three or four rounds of ET and based on Day 28 pregnancy success, heifers were classified based on Day 28 pregnancy success as high fertile (HF; 100%), subfertile (SF; 25%-33%), or infertile (IF; 0%) ( Fig. 1 ).
Blood Collection and Progesterone Radioimmunoassay for the Initial Round of ET (Study One)
Blood was collected from coccygeal vessels of heifers at the onset of synchronization (Days À22 and À12) for the initial round of ET to assess serum concentration of progesterone as an indicator of pubertal status. Blood samples were allowed to clot for 1 h at room temperature and then incubated at 48C for approximately 24 h. Samples were centrifuged at 1200 3 g for 25 min at 48C, and serum was collected and stored at À208C until radioimmunoassays (RIAs) were performed. The RIA was performed on serum samples to measure progesterone concentrations using the Coat a Count RIA kit (Siemens) [39] . Inter-and intra-assay CV for a sample with 1.5 ng/ml were 11.45% and 11.79%, respectively, and assay sensitivity was 0.08 ng/ml.
Estrous Synchronization and Artificial Insemination (Study Two)
Estrous synchronization and pregnancy determination. Estrous cycles of fertility-classified heifers were synchronized using the PG-6d-CIDR protocol described in study one. Artificial insemination (AI) was performed at 12 and 24 h after onset of standing estrus with semen from a single bull of known high fertility. Pregnancy diagnosis was performed by transrectal ultrasonography (SonoSite EDGE equipped with a L52 10.0-5.0 MHz linear-array transducer; SonoSite Inc.) on Days 28 and 36 post-AI.
Blood sampling and serum progesterone determination. Blood samples for determination of circulating progesterone concentrations were obtained by coccygeal venipuncture using evacuated tubes without anticoagulant (Becton Dickinson Vacutainer Systems) at the time of breeding (Day 0) and every other day from Days 0 to 28. Blood samples from heifers determined to be pregnant at Day 28 were also collected every other day from Day 28 to 36. Serum tubes were allowed to clot overnight at 48C and then centrifuged at 3000 3 g for 20 min at 48C; serum was collected and frozen at À208C until analyzed. Serum concentrations of progesterone were determined in triplicate 100 ll aliquots of sample using manufacturer (MP Biomedical) reagents and recommendations for the liquid-liquid phase double antibody precipitation assay (07-170105; MP Biomedicals) and validated as previously described [40] . Inter-and intra-assay coefficients of variation were ,10%.
FIG. 1. Experimental design and results for classification of fertility in beef heifers using serial embryo transfer (ET)
. See text for detailed description of results. Each row of numbers will not add up to 269 because of occasional death loss or removal of heifers from the study for health reasons. Further, 37 heifers did not have a CL at least once, and five heifers did not have a CL on two occasions. CIDR, controlled intravaginal drug releasing device; GnRH, gonadotropin releasing hormone; PGF2a, prostaglandin F2 alpha.
ANALYSIS OF FERTILITY-CLASSIFIED BEEF HEIFERS
Embryo Transfer and Nonsurgical Uterine Flush on Day 14 (Study Three) Synchronization and ET. Estrous cycles of donor cows (n ¼ 7) and fertility-classified heifers were tightly synchronized to optimize synchrony of embryos with the uterine environment of the recipient heifers. All females received PGF on Day À18 to presynchronized estrous cycles and increase ovulation response (follicular wave reset) to GnRH administration on Day À15. On Day À9, all females received an intravaginal progesterone insert (i.e., CIDR) to supplement blood progesterone to assist preparation of the uterus for pregnancy and an injection of 2.5 mg estradiol and 50 mg progesterone to regress all follicles larger than 0.5 mm and again reset follicular wave growth. Donor cows received twice daily injections of follicle stimulating hormone (Folltropin; Agtech, Inc.) in decreasing daily doses from Day À4.5 to À1 to stimulate multiple follicular development. The CIDRs were removed and PGF administered on Day À2.5 (recipients) and À1.5 (donors) to synchronize the estrus. Donors were inseminated 12 and 24 h after onset of estrus (Days 0 and 0.5) with semen from the same sire. Recipient heifers that did not exhibit estrus by Day 0 received GnRH and estrogen (1 mg estradiol benzoate). On Day 7, each heifer received an in vivo-produced embryo placed in the uterine horn ipsilateral to the ovary containing a CL (as determined by ultrasound) using standard nonsurgical techniques by a single technician. Ultrasonography was used to identify the side and presence of the CL before ET. Three heifers did not receive embryos due to excess fluid in their uterus or lack of a CL on their ovaries. Transferred embryos were of excellent quality and either a blastocyst (n ¼ 53) or morula (n ¼ 8) produced through superovulation of seven donor cows. All transfers were frozen-thawed direct transfer embryos blocked by donor and assigned to heifers equally across fertility classification group.
Nonsurgical uterine flush. The uterus of each heifer was flushed to recover embryos at 7 days posttransfer using nonsurgical techniques. Briefly, a twoway luer-lock catheter (19982/0104; Minitube of America) was passed into the uterine horn ipsilateral to the CL and 20 ml of flush medium (Vigro complete flush medium; Agtech, Inc.) was placed into the uterine horn. After approximately 30 sec of gentle massage, the initial flush medium was recovered in a syringe, transferred to a Petri dish, and searched for a conceptus. If a conceptus was not observed in the initial flush, additional medium (1 L) was subsequently used to thoroughly flush the uterine horn. The flushes were accumulated and filtered through a 75 lm mesh nylon filter (VCI Filter; Agtech, Inc.) then rinsed with flush medium and searched again for an embryo.
Endometrial biopsy. Following uterine flush, an endometrial biopsy was collected near the greater curvature of the uterine horn ipsilateral to the ovary containing the CL. Endometrial tissue was obtained using Jackson uterine biopsy forceps (GerMedUSA Inc.). The forcep was sterilized prior to biopsy collection using a hot bead sterilizer (Fine Science Tools Inc.). To collect the endometrial biopsy, the forcep was protected with a sanitary chemise (IMV Technologies), which was broken immediately before the biopsy tool was passed through the cervical os. The tip of the forceps was directed to the greater curvature of the ipsilateral uterine horn, and endometrial tissue (biopsy) was collected by closing the instrument jaw. The forcep was then removed, and the biopsy sections were immediately placed in 1.5 ml microcentrifuge tubes, frozen with liquid nitrogen, and stored at À808C until RNA extraction.
Conceptus morphology and measurement. Embryos were imaged on a Zeiss Discovery V8 stereomicroscope with an AxioCam ICC 1 and AxioVision version 4.6 software. Measurements of conceptus size (length and width) were collected using ImageJ (version 1.48; National Institutes of Health).
RNA Sequencing RNA isolation. Total RNA was extracted from Day 14 endometrial biopsies using the RNeasy Mini Kit (Qiagen). Briefly, frozen biopsy samples were disrupted and homogenized in RLT buffer with the use of a homogenizer (VDI 25; VWR International), and total RNA was purified following the manufacturer's instructions. To eliminate DNA contamination, RNA was treated with DNase I during RNA purification using the RNase-Free DNase Set (Qiagen). RNA concentration was determined by quantitative high-sensitivity RNA analysis on the Fragment Analyzer instrument (DNF-472; Advanced Analytical Technologies, Inc.). RNA library preparation and sequencing was conducted by the University of Missouri DNA Core facility.
Illumina TruSeq RNA library preparation and sequencing. Highthroughput sequencing services were performed at the University of Missouri DNA Core Facility. Libraries were constructed following the manufacturer's protocol with reagents supplied in Illumina's TruSeq mRNA stranded sample preparation kit. Briefly, the polyadenylated mRNA was purified from total RNA and fragmented. Double-stranded cDNA was generated from fragmented RNA, and the index-containing adapters were ligated. The final construct of each purified library was evaluated using the Fragment Analyzer instrument, quantified with the Qubit fluorimeter using the quant-iT HS dsDNA reagent kit (Invitrogen)
RNA-Seq Data Analysis
Raw sequence reads (fastq) were trimmed of adapter sequences using cutadapt [41] followed by a windowed adaptive trimming step for base quality of the reads. The quality trimming was performed using Sickle (https://github. com/najoshi/sickle) with default parameters for paired-end reads. The read data was deposited in the Gene Expression Omnibus (GSE81449). The trimmed paired-end reads were then mapped to the bovine reference genome UMD3.1.1 using SubRead aligner [42] followed by quantifying the number of reads mapped to exon sequences of annotated genes using FeatureCounts [43] . Genes significantly differentially expressed (false discovery rate [FDR] P , 0.10) between samples were determined by fitting the read counts to a generalized linear model implemented in edgeR-robust [44] . The fold changes of differential expression were determined from log 2 (counts per million reads), and the length-normalized fragments per kilobase of exon per million reads was determined from the sum of exon lengths of each gene. All statistical analyses and plotting were performed in R. The Pearson correlation coefficients were measured in pairwise manner among samples to plot the correlation heat map of gene expressions. Conditional boxplots were generated using the Rlab package. The expression data of all genes across all the samples were used in exploratory maximum likelihood factor analysis by fitting the data to the factor analysis model using varimax rotation option of factanal in R. The plot was drawn using print method of R stats. Violin plots were generated using ggplot2.
Statistical Analyses
Statistical analyses were conducted using SAS (SAS Institute Inc.). Statistical significance was defined as P , 0.05.
Study two. Pregnancy success to AI at Days 28 and 36 postinsemination was analyzed by logistic regression with Firth bias correction using the LOGISTIC procedure. The proportions of heifers pregnant at Days 28 and 36 were determined using the FREQ procedure. Progesterone concentrations were analyzed by ANOVA for repeated measures using the MIXED procedure. For the repeated measures, models included the effects of fertility classification, day of sample collection, the interaction between fertility classification and day of sample collection, and the random effect of heifer nested within fertility classification. For all analysis, orthogonal contrasts were used to compare groups with high (HF) versus low fertility (SF and IF) and to compare differences between the groups with low fertility (SF vs. IF).
Study three. Day 14 embryo recovery rates were analyzed by logistic regression with Firth bias correction using the LOGISTIC procedure. The proportions of embryos recovered at Day 14 flush were determined using the FREQ procedure. Conceptus measurement data was subjected to least-squares ANOVA using the general linear models procedure. Conceptus length, area, and conception rate were tested for differences between fertility groups with embryo donor used as a covariate. Error terms used in the test of significance were identified according to the expectation of the mean squares for error. For all analysis, orthogonal contrasts were used to compare groups with high (HF) versus low fertility (SF and IF) and to compare the differences between the groups with low fertility (SF vs. IF).
RESULTS
Heifer Fertility Classification Using ET (Study One)
A total of 275 heifers were identified for the study, and six were culled due to extremely small size at weaning. Of the 269 heifers, four heifers were removed due to anovulation, death, health, or inability to pass the cervix. At the onset of synchronization for the first round of ET, 10 heifers were not cycling based on serum progesterone concentrations less than 1.0 ng per ml in two samples collected 10 days apart. Estrous cycles were induced in 8 of 10 of these heifers with synchronization based on serum progesterone concentration on Day 7 at ET. One of the anestrous heifers never began estrous cycles and was removed from the study; however, another anestrous heifer was pregnant each time she received an embryo and remained in the study.
In each round of ET, a single IVP embryo of high quality was transferred into heifers on Day 7 postestrus, and pregnancy determined on Days 28 and 44 by ultrasound followed by GEARY ET AL. pregnancy termination on Day 44 (Fig. 1) . Across the rounds of ET, 37 heifers did not have a CL at least once, and five heifers did not have a CL on two occasions. Pregnancy rates for each round of ET averaged 55% and 48% when diagnosed on Days 28 and 44, respectively. Overall, serial ET was conducted in 260 heifers, and four rounds of ET data were generated on 228 heifers and three rounds of ET data on 32 heifers. As illustrated in Figure 1, Progesterone concentrations during the first 20 days postinsemination were not different (P ¼ 0.93) in all heifers regardless of fertility class ( Fig. 2A ). An effect of day (P , 0.0001) was detected because progesterone concentrations increased after ovulation with formation of a CL. Further, there was an effect of day (P , 0.0001), but not fertility class (P ¼ 0.86), on progesterone concentrations for HF and SF heifers diagnosed as being pregnant through Day 36 (Fig. 2B ). An interaction between fertility class and day of sample collection was observed (P ¼ 0.04), which reflected the higher (P , 0.01) progesterone concentrations in SF than HF heifers on Day 36.
Preimplantation Embryo Development in Fertility-Classified Heifers (Study Three)
Fertility-classified heifers were synchronized to estrus, and a single IVP embryo of high quality was transferred into HF (n ¼ 28), SF (n ¼ 17), and IF (n ¼ 11) heifers on Day 7 postestrus. Conceptuses were recovered on Day 14 by nonsurgical uterine flush, and endometrial biopsies collected from the ipsilateral uterine horn. If recovered, conceptus length and area were determined. Embryo recovery rate was 60.7% for HF, 52.9% for SF, and 45.5% for IF heifers. Embryo donor had no effect (P ¼ 0.94) on embryo recovery rate. Orthogonal contrasts found that embryo recovery rate was not different (P ¼ 0.48) in HF as compared to low fertility (SF and IF) heifers and not different (P ¼ 0.81) in SF than IF heifers. Gross conceptus morphology was not different among fertility-classifications, and a spherical to ovoid conceptus was recovered with normal morphology and obvious embryonic disk from HF, SF, and IF heifers (Fig. 3A) . Conceptus length was not different (P ¼ 0.47) in HF as compared to low fertility (SF and IF) heifers and not different (P ¼ 0.73) in SF as compared to IF heifers (Fig. 3B) . Similarly, conceptus area was not different (P ¼ 0.82) between HF and low fertility (SF and IF) heifers and not different (P ¼ 0.73) between SF and IF heifers (Fig. 3B) .
RNA-Seq Analysis of Endometrial Biopsies (Study Three)
After nonsurgical flush on Day 14 (7 days post-ET), endometrial biopsies were obtained from the ipsilateral uterine horn. Histological analysis of selected endometrial biopsies determined that the biopsy method repeatedly obtained mostly intercaruncular endometrium with glands, stroma, and luminal epithelium (Fig. 4A) .
Transcriptional profiling of Day 14 endometrial biopsies from pregnant heifers (n ¼ 5 heifers per fertility class) was conducted using RNA sequencing. Sequencing of the libraries yielded more than 60 million quality reads for each sample. The reads used in data analysis for each sample were of minimum length 30 bp with sliding window Phred scores of at least 30 and were mapped to the reference genome at 96%-98% across samples with 70%-80% of all the pair reads mapped concordantly. Between 10% to 18% of paired reads mapped discordantly, and they likely represent reads aligning to splice or fusion sites. Less than 1% of the read pairs mapped to the genome as singletons with unmapped mates; those reads may represent repeat sequences, sequences from foreign sources, such as microbial contamination, or regions of the genome that have not been well assembled, and is not unusual [45] .
FIG. 2. Circulating concentrations of progesterone in nonpregnant (A)
and pregnant (B) fertility-classified heifers. Fertility-classified heifers were synchronized to estrus and bred by artificial insemination (AI) at 12 and 24 h postestrus with semen from a high-fertility bull. Pregnancy was determined on Days 28 and 35 by ultrasound. An effect of day (P , 0.0001) was detected because progesterone concentrations increased after ovulation. There was an effect of day (P , 0.0001), but not fertility class (P ¼ 0.86), on progesterone concentrations for HF and SF heifers diagnosed pregnant through Day 36. Progesterone concentrations were higher in SF than HF heifers on Day 36 (P ¼ 0.04, day 3 fertility class). Data is presented as least squares means (LSM) with the standard error of the mean (SEM).
ANALYSIS OF FERTILITY-CLASSIFIED BEEF HEIFERS
A seed-and-vote mapping strategy was used to quantify read counts to individual genes annotated from the reference genome [42, 43] . On average, 63% of the mapped reads were associated with at least five reads to individual genes in each sample. About 14% of genes were not expressed in any samples based on absence of read counts. Such a result could be due to lack of coverage, but this is unlikely given the high coverage (.60 million) of reads per sample and consistency of zero-read mapping between samples. About 0.5% of mapped reads showed mapping of one read on average per gene per sample. Genes were then filtered that were associated with less than or equal to one read per million in each library prior to fitting the count data into the generalized linear model implemented in edgeR-robust [44] . Accordingly, 26 total differentially expressed genes (DEGs; .2-fold change, FDR P , 0.10) were identified for the endometrium from HF as compared to SF heifers (Table 1 ). There were 12 DEGs in the endometrium from SF as compared to IF heifers (Table 2) , and only three DEGs when HF were compared to IF heifers ( Table  3) .
The low number of DEGs detected by edgeR-robust analysis suggested low overall variation in gene expression across samples, which was confirmed by high pairwise correlation between samples (Fig. 4B ) and lack of sample clustering as illustrated in the multidimensional scaling plot (Fig. 4C) . Expression values in each group were then partitioned into nonoverlapping bins and plotted as conditional box plots between groups (Supplemental Fig. S1A ; Supplemental Data are available online at www.biolreprod.org). These plots indicate reduced gene expression changes in the endometria of IF as compared to HF or SF heifers and were not observed in HF as compared to SF heifers. The violin plots presented in Supplemental Figure S1B present distribution of log 2 fold changes of expression relative to log 2 counts per million reads in pairwise manner among samples. This analysis confirmed the reduced DEGs in IF as compared to HF and SF heifers.
The DEGs identified by edgeR-robust analysis of endometrial biopsy RNA sequencing are presented in Figure 5 and summarized in Tables 1-3 and Supplemental Tables S1-S3 . Expression of 14 genes was higher and 12 genes was lower in endometrial biopsies of HF as compared to SF heifers (Table 1  and Supplemental Table S1 ). Many of the 14 genes that were more abundant in the HF endometrium encoded proteins with antimicrobial activity (TAP, MUC1) or were immunoglobulins. In SF as compared to IF heifers, there were 12 genes with reduced expression in the endometrial biopsies (Table 2 and  Supplemental Table S2 ). All three DEGs were lower in abundance in endometrial biopsies of HF as compared to IF heifers (Table 3 and Supplemental Table S3 ). Of note, 10 of the DEGs overlapped between the fertility-classified heifer endometrial biopsies.
DISCUSSION
The present study found that serial rounds of ET, each followed by pregnancy determination on Days 28 and 42, is an effective strategy to identify beef heifers with high and low aggregate rates of early pregnancy loss. One might assert that by chance rates of heifers always or never being pregnant 12.5% of the time after four rounds of ET would be correct if the pregnancy rate were a random binomial event; however, pregnancy is not a random binomial event and rather a cumulative physiological process in which each successive day of gestation is dependent upon the additive successful events up to that time. Similarly, McMillan and Donnison [35] utilized serial ET to classify dairy heifers as being high or low fertile. Failures in mechanisms involved in conceptus elongation and maternal recognition of pregnancy were hypothesized to be the major cause of pregnancy loss in the   FIG. 4 . Endometrial biopsy histology and RNA sequencing analysis from Day 14 pregnant heifers. Fertility-classified heifers were synchronized to estrus and received two high-quality in vivo produced embryos on Day 7 postestrus. All heifers were nonsurgically flushed on Day 14 (7 days post-ET) to recover the conceptus. If a conceptus was present in the uterine flush, an endometrial biopsy was obtained from the uterine horn ipsilateral to the corpus luteum (CL). Total RNA was extracted from five biopsies of pregnant high fertile (HF), subfertile (SF), and infertile (IF) heifers and sequenced. Normalized and log 2 transformed read count data were produced with edgeR-robust analysis. A) Histological analysis of a representative endometrial biopsy. All biopsies were predominantly composed of intercaruncular endometrium. Sections were stained with hematoxylin and eosin. LE, luminal epithelium; GE, glandular epithelium; S, stroma. Bar ¼ 500 lm. B) Pairwise correlation (Pearson) analysis of gene expression levels between endometrial biopsy samples. Each column represents one sample and shows the correlation to all samples (including itself) with red for lowest (0) distance and blue for the highest observed distance. C) Multidimensional scaling plot. A maximum likelihood factor plot of gene expression variation among the samples. The major factors (factor 1 and factor 2) that explain the expression changes among the samples are plotted in the x-and y-axis, respectively. The individual samples (n ¼ 15) representing the three fertility groups (HF, SF, and IF) are shown with different colors (green, blue, and red, respectively).
ANALYSIS OF FERTILITY-CLASSIFIED BEEF HEIFERS
low-fertility dairy heifers [35, 36] . Indeed, the majority of pregnancy losses in beef and dairy heifers, nonlactating cows, and lactating cows occur during the first 3 to 4 wk of pregnancy [30, 46] . Studies in sheep, beef heifers, and dairy cattle established that an early or delayed rise in circulating levels of progesterone after ovulation can advance or retard conceptus elongation [20, 32, [47] [48] [49] [50] . In the present study two, circulating levels of progesterone were not different in fertility-classified heifers, regardless of pregnancy status. This result agrees with findings from the analysis of both dairy heifers and beef heifers that were fertility classified by serial ET or AI, respectively [35, 51] . Thus, differences in circulating levels of progesterone are not a factor in the fertility differences for the beef heifers in the present study. Although increasing concentrations of progesterone after ovulation clearly advances conceptus elongation in both beef and dairy cattle, supplementation with progesterone during early pregnancy has equivocal efficacy in increasing embryonic survival [52, 53] . In fact, strategies to improve postovulatory progesterone concentration such as treatment with GnRH or human chorionic gonadotropin following AI have resulted in inconsistent benefits in pregnancy outcomes in lactating dairy cows [54] [55] [56] . Further, progesterone administration is unlikely to rescue development of embryos GEARY ET AL.
with inherent genetic defects or during gestation in highproducing dairy cows [57] [58] [59] .
In study three, fertility-classified heifers received a single high-quality in vivo-produced embryo on Day 7 postestrus and were nonsurgically flushed to recover the embryo on Day 14. Embryo recovery rate and embryo morphology development (length and area) were not different among HF, SF, and IF heifers. The average embryo recovery rate on Day 14 was 53% across HF, SF, and IF heifers, which is not much lower than the 66% pregnancy rate found on Day 16 in beef heifers bred by AI [7] . The lower pregnancy rate in study three could be due to a failure of the nonsurgical flush procedure to recover embryos from some heifers and also the use of in vivo-produced embryo that was frozen and then thawed prior to transfer. The result of the present studies supports the idea that pregnancy loss in the SF and/or IF heifers must occur between Days 14 and 28, which encompasses the period of conceptus elongation, pregnancy recognition, and implantation for establishment of pregnancy [17, 20, 32] . Given the lack of differences in conceptus survival and development, it is not surprising that substantial differences in gene expression for the endometrial biopsies from Day 14 pregnant HF, SF, and IF heifers were not observed. Indeed, the transcriptome difference was also minimal in other studies of fertility-classified heifers that evaluated endometria from beef heifers on Day 13 postestrus ANALYSIS OF FERTILITY-CLASSIFIED BEEF HEIFERS differences could be attributed to a myriad of factors, including how fertility was classified, breed effects, and endometrial sampling. For instance, endometrium obtained at slaughter is generally a mixture of intercaruncular and caruncular endometrium, whereas the obtained biopsies in the present study are mostly intercaruncular endometrium. Of note, cytobrush sampling obtains mostly only luminal epithelium from both caruncular and intercaruncular endometrium. Although large numbers of DEGs were not identified, RNA sequencing analysis did detect differences in endometrial gene expression among the fertility-classified heifers. The majority of genes that were more abundant in HF than SF, as well as IF than SF, endometrium encode factors involved in reproductive tract defense against pathogens. For instance, TAP was first identified in the bovine tracheal mucosa and found to be a member of a group of cysteine-rich, cationic, antimicrobial peptides found in animals, insects, and plants [62] . Purified TAP had antibacterial activity in vitro against Escherichia coli, Staphylococcus aureus, Klebsiella pneumonia, and Pseudomonas aeruginosa. In addition, TAP was active against Candida albicans, indicating a broad spectrum of activity. In the present study, MUC1 was also lower in SF heifers, and it forms part of the glycocalyx barrier that provides innate immune protection against bacterial infections [63] . Additionally, MUC1 regulates implantation in mice and perhaps other mammals. Walker and coworkers [64] found evidence that the embryo modulates the uterine immune system on Day 17 and induces expression of molecules in the endometrium that function to suppress the immune response and/or promote tolerance to the embryo. During this period of immune suppression, the endometrium would be expected to be susceptible to infections; therefore, it actively expresses specific molecules for defense against foreign pathogens such as upregulation of genes of the innate immune response, including antimicrobial response genes like TAP. It should be noted that none of the heifers used in the present study had evidence of metritis, and endometritis is not very prevalent in beef heifers.
Many of the down-regulated genes in SF as compared to HF endometrium encoded various immunoglobulins or a transcription factor (POU2AF1) that are expressed in B lymphocytes, which function in the humoral immunity component of the adaptive immune system by secreting antibodies. Thus, B cells are likely higher in the endometrium of HF than SF heifers. Pregnancy changes the population of lymphocytes and macrophages in the bovine uterus [65] [66] [67] . The numbers of both cell types are significantly reduced between early and midpregnancy in cattle [68] . By midpregnancy, virtually no lymphocytes or macrophages are found in the caruncular endometrium although they are still present in the intercaruncular endometrium [69] . The lymphocyte population in the early pregnant cattle uterus is composed primarily of B cells, T cells, and natural killer cells [70] [71] [72] . B lymphocytes are widely distributed throughout the endometrium, localizing in the stroma, myometrium, and the luminal and glandular epithelium. The B lymphocyte population in bovine endometrium was relatively large compared to the populations of cdT, CD4þ, CD8þ, and NK cells detected [70] . Although several genes were more abundant in the endometrium of SF than HF and SF than IF heifers, the function of most of those genes is unknown. Collectively, these results support the idea that the innate and adaptive immune system is different in the endometrium of SF as compared to that of HF and IF heifers, which could be involved in the observed fertility differences [67] . The lack of conserved differences in the endometrial transcriptome of the HF versus low fertility (SF and IF) heifers indicates that the biological mechanisms underlying subfertility and infertility are possibly different, and those differences may not manifest until after Day 14 as the conceptus begins rapid growth for elongation. Future experiments will need to explore differences in the endometrial secrotome because histotroph has a major influence on growth and development of the conceptus [14, 20, 32] .
The present study and others [35, 36, 51, 60, 61] support the hypothesis that natural variation in pregnancy rates can be utilized in cattle to identify animals with innate differences in uterine competence to support growth and development of the conceptus for establishment of pregnancy. Although not addressed in the present study, it is also important to address the substantial loss of embryos that occurs prior to Day 7, particularly in lactating dairy cows, due to problems with oocyte competence, sperm transport, fertilization, and perhaps oviductal-uterine function [73, 74] . Studies of animals with natural variation in uterine competency for pregnancy could help define which genes and biological pathways in the endometrium are crucial to establish endometrial receptivity and support conceptus elongation in cattle. Further, the use of this animal model could discover genes and biomarkers that can be used to select animals for higher fertility and to diagnose subfertility and infertility.
